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Ion Trajectories in an Electrostatic Ion Guide 
for External Ion Source Fourier Transform Ion 
Cyclotron Resonance Mass Spectrometry 
An electrostatic ion guide (El(;) that consists of concentric cylinder and central wire 
electrodes can transport ions cfiicientlv from an e\tern,ll ion source to an ion cyclotron 
resonance (ICR) ion trap tar rna~~ analvsis, with se\.eral advantages over current injection 
methods. Because the electrostatic for&of the EIG captures ions in a stable orbit about the 
wire electrode, ions with initiallv di\,ergent trajectories mav be redirected toward the ICR ion 
trap for improl.4 ion transmi&ion efhcicncv. SIMIAN trajectory c~llculations (ion kinetic 
energy, l-200 eV; elevation anglt~, 0 30 ; ar&uthal angle, 0 360”) predict that ions of /U/Z 
1000 ma!; be transmitted through d strong (0.01 + 3.0-T) magnetic field gradient. Judicious 
choice ot ion sourct’ position and EIC potential minimiLes the spread in ion axial kinetic 
energy at the ICR ion trap. :\d\.antages of the EIG include large acceptance angle, even for 
ions that ha\.e large initial kinetic cnrrgv and large radial displacement with respect to the 
central :-axis, low ion extraction \ oltagf (.520 VI, and efficient trapping because ions need 
not be accelerated to high \,elocit\, to pas’- through thcx magnetic field gradient. (1 AVI Sac 
Ml755 Spc~fr-or77 199.5, I>, 9.36~9.4~1, 
T he performance ad\,antage\ c>t Fourier transform ion cyclotron resonanctt mass spectrometrv (FT - ICR/MS), which include high mass resolution, 
high mass accuracy, and long ion storage period [ 1 131, 
are optimized bv high magnetic field strength ( > 3 ‘I‘) 
and low pressure ( < 10 ’ torr) in the ion cyclotron 
resonance (ICR) ion trap. Bec~~use some useful ioni/‘?- 
lion scources (e.g., tast-atom bombardment, glow dis- 
charge) do not opcratra con\.enientlv under such cond- 
tions, optimal Fourier tran:,iorm ‘ion cyclotron res,o- 
nance (FT-ICR) pertormance rn,ly require “extrrnal” 
ion generation with subsequent icon injection into the 
ICK ion trap. Ihe prohltms associated with external 
ion injection and the general apprc)aches currently used 
have been discussed prcvtously in some detail [l, 
14-181. We pre\Tiously proposed and demonstrated 
experimentally the use of an elt,ctrostatic ion guide 
(FIG), which consists of a cylinder and central wire 
held at diflerent d.c. potential, to generate an electro- 
static radially inward-directed force sufficiently strong 
to guide ions through a magnetic field gradient and 
into an ICI< ion trap [ 141. 
We first demonstrated the EIG operated with a 
thermionic emitter source external to a solenoidal 3-T 
magnet. Subsequently, we have coupled an external 
matrix-assisted laser desorption/ionization (MALDI) 
and Cs ’ secondary- ion mass spectrometry (SIMS) 
source [19] and an rf glow discharge source [20] to an 
FT-ICR mass spectrometer by use of an intervening 
t:IG. l-‘inally, we demonstrated that broadband axial- 
iration [produced by azimuthal quadrupolar stored- 
\vaveform inverse Fourier transform (SWIFT) excita- 
tion in the presence of pulsed collision gas] greatly 
enhances the trapping efficiency, signal-to-noise ratio, 
and mass resolving power for ions injected from both 
external SIMS and MALDI sources through an EIG to 
‘in ICR Penning trap [17]. 
The principles of operation of an EIG in the absence 
of a magnetic field have been described previously 
[21~311]. For ion injection in FT-ICR/MS, the EIG equa- 
tions ot motion are further complicated by the pres- 
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ence of a magnetic field gradient. Here, we first di%- 
cuss the equations of motion for a infinitrlv extenclccl 
EIG in the absence of a magnetic field. Wt then em- 
ploy numerical trajector!, calculations tc> charactcrirc 
transport by an electrostatic ion guide of ions ( I ~2OO-e\~ 
initial kinetic energy) axiallv through the strong m;lg- 
netic field gradient (O- 3 T‘) ot an FT-ICR mass sptv 
trometer. Specifically, ~‘e consider the effects ot ion 
kinetic energy, EIG voltages (<absolute and difference), 
ion source placement, and initial ion an,gular distribu- 
tion on both ion transport t4ficiencv end ion <axial 
kinetic energy. 
Theory: Analytical Methods 
We begin by presenting anal!rtlcal t’xpresslons rele\.ant 
to the EIG, for an ion point source or circular d&k 
source located in the entrance plane of the guide. We 
then offer numerical simulations that correspond to 
typical experimental condition>, for ‘311 ion point sourct‘ 
at various locations in (C)I. displaced axially from) tht> 
EIG entrance plane. The intended function of the EI(; 
is to transport ions from an externalI\, located ion 
source into an ICR ion trap Mrithout anv addition,ll 
acceleration, focusing, and /or dect~leration ltwses. bVc> 
assume that an ion source can genty-ate> J large flux ()t 
ions at the EIG entrance plant, and that the ions h;l\ t’ 
kinetic energies between 1 and 200 eV (see Figurt’ I tot 
coordinate system and IOII 
dimensions).’ 
guide configuration and 
The electromagnetic force that act> on an ion c~f ITI~IS~ 
171 and charge 4 is gi\,en b\; thtb I orcntL force equation: 
F = /i/a = qE + (I]V x B) (5.1. units) (I) 
in which a is ion acceleration, v  is ion \.elocit!,, E ih 
electric field, and B is magnt6c induction. The aial 
and radial electric field m,jgnitudes E and L, btl- 
tween two infinitelv extended concentric cvlinders (i.v., 
an idealized electrostatic Jon guide) may be exprt,sht>d 
(in cylindrical coordinates) ‘15 
in which E is the axial talectriz fitlld, I, is the radial 
electric field, r is the radial displacement of thtx ion 
from the central axis, Lb = V~, ,,,, ~,i r ~~ V ,,,,. ~ is the po- 
tential difference bctwccn the outer and central c>,lin- 
dem r,,I,n,iur IS the radius ot the outt>r cylinder, ,IJ~ 
Electrostatic Ion Guide (Dimensions in mm) ~= 
&2~j~400)fi’u 
838 -50 50 50 
The magnitude of the axial magnetic field B- along the 
ctlntral axis of a solenoidal electromagnet &y be ap- 
proximated as 
in \\rhich B is the magnetic field near the z axis, p,, is 
thtx magnetic permittivity of a \‘acuum, N is the num- 
ber of turns of the solenoidal conductor per unit length, 
I is the current in a single loop of the solenoid, L is the 
solenoid length, z is the axial displacement of the ion 
\,vith rehpcct to the center of the solenoid, and rl-oIc,,~,,~, 
is the solenoid radius. Because the radial and axial 
magnetic field components B( r 1 and B( z 1 are related 
to each other by Maxwell’s equation Y. B = 0, the 
magnitude ot the radial magnetic field L?, also may be 
estimateci near Che solenoid central axis [31]: 
(Fquation 5 is approximatrlv valid in the limit that 
JR /[fz does not varv strongly M’ith r.) Thus, the radial 
magnetic field mag&lde is strongest when the axial 
nlagnt,tic field gradient is strongest-for our 3-T mag- 
net, at I = 25 cm from the center of the solenoid. The 
radial magnetic field H, of q 5 gives rise to the well 
known “magnetic mirror” effect. An ion that has a 
\,clocit\ conipc)nent i’ perpendicular to the : axis 
(and thus perpendicular to R,; see succeeding text) 
will experience a force whose axial magnitude F. is 
Because B, reaches a maximum when R. is about half 
of its maximum value, 71 , at that z poiition is essen- 
tially perpendicular to B,, because ~1 is dominated 
by ion cyclotron motion about B., and the (~ZI B, ) 
force is therefore always in the negative z direction 
(i.e., a retarding force that reduces the ion z velocity). 
(Note that this argument applies whether B, points 
along the positive or negative : direction, becduse the 
sign of [ dB~‘kl, -I) changes if the direction of R~ 
changes.) Thus, the “magnetic mirror” slows (off-ax&j 
ions as they approach d region of strong magnetic 
field. 
Substitution of eqs 2, 3, and 4 into eq 1 yields the 
equations of motion for an ion inside an infinitelv 
extended electrostatic ion guide and near the axis of a 
solenoidal magnet. Unfortunately, an analytical solu- 
tion to eq 1 is not possible because there is no analyti- 
cal expression for the electric or magnetic field o\‘cr 
the course of ion travel from the ion source to the 
FT-ICR ion trap (see Figure I). Therefore, we resort to 
numerical calculations (see Results and Discussion) to 
establish the approximate initial conditions that favor 
ion capture and transport through the magnetic field 
gradient and into an ICR ion trap. 
It is interesting to note that a ccntr-al-wil-e ion guide 
to which electrically charged “end caps” are added is 
known as a “Kingdon ” ion h-ap, w,hich originallv was 
described in lY23 [XI. Johnson has discussed the’oper- 
ation of a Kingdon trap in a static magnetic field [33]. 
Typically, an external ion source is located far ( > 1 m) 
from the center of the solenoid of an FT-ICR mass 
spectrometer. The magnetic field at the source is thus 
negligible and ion behavior in this region (e.g., at the 
entrance of the EIG) rna\r be estimated from analvtical 
expressions (see eqs 7-12). Let the ElG axis be co&car 
with the solenoidal magnetic field symmetry 1 axis, 
and let the ion (point) source be displaced radially (by 
v,,) and axially (bv z,,) from the center of the EIG 
entrance plan? (see Figure 1 ). I& the initial ion x,eloc- 
ity v  define an “elevation” angle H relative to a line 
that contains the initial position coordinates of the ion 
and is parallel to the z axis. In addition, there is an 
“azimuthal” angle dj between the projection of v  onto 
the xy plane and a plane thdt contains both the ion 
initial position dnd the 1 axis. Based on the preceding 
coordinate system, with zil = 0 (i.e., ion source in the 
entrance plane of the EIG), Oakc\. and Macfarlane [?.?I 
J Am Sot Mass Spectrom lYY5, 6, 936-916 
deri\,ed the following expression for the ion maximum 
“acceptance cone angle” for ions that enter an in- 
finitely extended EIG in the absence of a magnetic 
field: 
in which N,,, is the maximum “elevation” angle at 
which ions may still enter and successfully traverse the 
EIG and E,,,,, is the ion kinetic energy [23]. Oakey and 
Macfarlane [23] have derived the equations for the 
“collection efficiency” of either a point source or a 
circular disk source, both located at the entrance plane 
of the EIG. The collection efficiency Eff,,,,,( ~~1 for a 
point source at r0 in the EIG entrance plane is defined 
[23] as the solid angle of the acceptance cone divided 
bv 47i: 
Similarly, the collection efficiency from a circular disk- 
shaped source of radius yjl,,, (for rdlik > rhire) is 
- 0.3069 
1 
(9) 
As seen in eq 7, the potential difference AV be- 
tween tht, wire and cylinder and initial kinetic energy 
E ,,,,, determine whether an ion attains a stable orbit 
about the central wire. Thus, for a fixed EIG geometry, 
ions of widely varying energy may bc transported 
successfully, simply by adjusting the potential differ- 
ence between the wire and cylinder electrodes. Con- 
\,ersely, monoenergetic ions c~f different mass should 
be readily captured by the EIG at a given voltage. 
Furthermore, lower energy ions have a larger accep- 
tance cone, which makes the EIG particularly well 
suited for typical ion sources used in FT-ICR mass 
spectrometry. Also, the direct dependence of maxi- 
mum acceptance cone angle and collection efficiency 
on ion charge means that multiply charged ions (a> 
from an electrospray ion source) should be captured 
more readily by the EIG for transport into the ICR trap. 
Theory: Computational Methods 
SlMlON Numvkxl Sirrrulntiolls: Elcctrostntic lo/~ 
Guide in a Mq@ic Firld Grnditwt 
We now proceed to examine ElG performance system- 
atically as a function of Ali’, Eic ,,,, I’,), H, 6, and 1 
displacement of the ion (point) source away from the 
entrance plane of the EIG, for a particular ion mass-to- 
charge ratio ~H/z. Figure 1 shows the geometry and 
nominal dimensions of an EIG, pre\iouslv demon- 
strated in our lab [17], on which all numerical simula- 
tions were based. The guide cylinder is 838 mm long, 
with 34-mm inside, diamett>r. The central wire is X.38 
mm long and 0.28 mm in diameter, and is aligned 
coincident with the central svmmetry (; 1 axis of the 
solenoidal magnet. A cvlindiical ion source electrode 
biased at +5-V potent&l was positioned at various 
points in or displaced axialI> from the ion guide ctl- 
trance plane. A three-sectIon open-ended cylindrical 
ICR ion trap was centered in the solenoidal magnet, 76 
mm axially displaced from the ion guide exit. Each 
ICR trap section was 50 mm long and 50 mm in 
diameter, and each was centered on the z axis. The 
vacuum chamber that surrounds the ion source, ion 
guide, and ICR ion trap wn.s set to ground potential fol 
all calculations. In all numcriial simulations (e.g., Fig- 
ures 4 C,), ion initial conditions art’ designated M.ith 
respect to a point source t,lectrode, where r,, still 
denotes the radial displacement of the source probe. 
(Note that eqs 7--Z, Tables 1 and 2, and Figure 3 refer 
to an ion source IH the entrance plant of the ElG.1 
Ion trajectory simulations were performed M.ith 
SIMION PC/I’S? (Version J-0, Idaho National Engi- 
neering Laboratory, Idaho Fall\, ID). All calculations 
were based on a two-climenslonal electric potential 
array of 600 X 10 points; a three-dimensional arra\’ 
was then generated bv assuming cylindrical svmme- 
try. Magnetic field plots for ‘1 3-T superconductmg 
magnet were pro\idcd b\. Oxford Instruments Inc. 
(Scientific Research Di\-ision, Concord, MA ). Discrt,tc 
values for both B and R, were supplied at 5-cm axial 
increments (O-110-cm axial displaccmcbnt from then 
solenoid center) and 0.5-cm radial increments ((1-3-cm 
radial displacement frctm the solenoid central axis). 
Best-fit lines for B. (r = 0 cm), 13, (r = 1 cm), B, ( I = 7 
cm), and B,. (r = 3 cm) are plotted L’ersus axial dih- 
placement ( I) from the solenoid center in Figure 2. 
Discrete values of R- ( Y = 0 cm) and f<, ( I’ = 3 cm) 
were entered into a magnetic potential arrav in SIMlON 
at 5-cm axial increments, begInning at the ion trap 
center and extending to the ion source probe tip (0 5 r 
I 110 cm). During trajectory calculations SIMION us& 
linear interpolation to obtdin K and R, at ion posi- 
tions other than those that corrc&pond to the discrete 
Magnetic Field (T) 
2.5 - 
2.0 - 
1.5 - 
1.0 - 
0.5 - 
B, (r=O cm) 
20 40 60 80 
z (from ion trap center, cm) 
100 
Figure 2. Axial (2 component) and radial (r component) mag- 
nrtlc field magnitudes B, and B, as input parameters to SIMION 
ic>r OUT 7-I solenoid magnet. The magnetic field value between 
<any lbV0 H ‘11~1 U, pomts (enter& at 5-cm incrcmcnts) is 
obtained b! Ilnenr interpolation. 
magnetic field entries. Note that values for B, (I’ = 1-3 
cm) agree very well with those for B, (Y = 0 cm), 
which indicates that, in fact, dB,/dz does not vary 
strongly with radius (up to 3 cm). Thus eq 5 holds and 
our USC of linear interpolation to estimate B,. at radii 
between 0 and 3 cm introduces only minimal error. 
Likewise, linear interpolation will slightly overesti- 
mate R- at large axial displacements (2 40 cm; see 
Figure 2) while slightly underestimating BI at axial 
displacements of - lo-22 cm (e.g., between the re- 
gions of maximum axial and radial magnetic fields; see 
Figure 2). More important, in the region of maximum 
N, (e.g., maximum magnetic mirror), dB,/dz is rela- 
tively constant, so that linear intcrpolatlon provides 
accurate estimates of H.. 
Bcc~~usc ionization sources produce ions with both 
low. (e.g., glow discharge, electrospray) and high (e.g., 
MALDI) kinetic energies, we computed trajectories for 
ions that have initial kinetic energies in the (broad) 
range 1~ 200 eV. The partitioning of that ion energy in 
different directions is then fixed by specification of the 
initial angular divergence in our ion trajectory simuia- 
tions. 
Results and Discussion 
I f  an ion is to pass through the EIG, it is obvious that it 
~.nnnot collide with either of the two electrodes. An ion 
that enters the EIG at greater than a maximum allow- 
able elc\~ation angle B,,,, will collide with the outer 
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electrode. Moreover, an ion that enters the guide must 
have a minimum angular momentum to avoid colli- 
sion with the central wire. 
Figure 3 is a plot of the collection efficiency (com- 
puted from eq 8) as a function of ion initial off-axis 
displacement r0 for four combinations of ion initial 
kinetic energy and EIG potential difference AV for a 
point ion source in the entrance plane of the EIG. As 
expected, the collection efficiency for ions to be cap- 
tured in a stable orbit in the EIG for transport to the 
ICR ion trap increases with increasing ratio of potential 
difference to ion initial kinetic energy AV/E,,,. It is 
encouraging to find that a significant fraction of ions 
that enter the EIG significantly off-axis (large r,,) is 
captured by the guide (recall that eq 8 applies to a 
point source that emits ions over 4~ geometry). Table 
1 shows that expanding the ion source from a point to 
an on-axis circular disk of 6-mm radius increases the 
absolute collection efficiency still further. However, the 
ratio AEff(~~~~~l/Ar,~,~ decreases with increasing disk 
radius. In other words, for a circular disk ion source, 
each incremental increase in ion source surface area 
results in a smaller incremental increase in collection 
efficiency. Our simulations indicate that the energy 
dependence (eq 7) for successful ion capture also holds 
for ions formed outside the EIG; for example, when the 
source probe is displaced by 6 mm with respect to the 
EIG entrance plane, monoenergetic ions over the range 
50 I m/z 5 100,000 (Y, = 2 mm, 0 = 15”, 4 = 45”, AV 
= 10 V, E,,, = 20 eV) all had maximum Lissajous 
orbital radii (e.g., ion apogee radius inside the EIG) of 
- 4.4 mm and were transported to the ICR ion trap. 
As the axial displacement of a point ion source from 
the EIG increases, the maximum allowed ion kinetic 
energy decreases. Figure 4 shows that an ion that 
begins axially near the EIG with an elevation angle 
0 = 15” has an increased probability of attaining a 
stable trajectory inside the EIG, mainly because a 
. . . .., . . . . . 
0 5 10 15 
Ion Initial Radial Displacement, ro (mm) 
Figure 3. Collection efficiency Ett pc,,nr( r,,) of a point ion source 
located in the entrance plane of the EIC as a function of the ion 
source radial displacement I<). Note that even ions initially far 
off-axis are successfully captured and transported by the EIG to 
the ICR Penning trap. 
250 - 
1 \ 
vprabe=+sv 
20. / 
“cylinder = O v 
I-0 = 0 
,5(j :vl#im =-20" 8=15” 
- 
ok....,....,........,,....,....,...., 
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Axial Displacement, ~0, of Ion 
Source from Entrance Plane (mm) 
Figure 4. Maximum ion kinetic energy for EIG capture and ion 
transfer to an ICR Penning trap versus initial z displacement (zO) 
of the on-axis (r. = 0) ion source from the EIG entrance plane, 
for an ion of m/z 1000, at EIG potential differences AV = 5, 10, 
or 20 V. The ion initial velocity elevation angle B is fixed at 15”. 
Note that an ion that starts otlt closer to the EIG entrance may be 
accepted at a higher kinetic energy, for increased collection 
efficiency. 
smaller initial axial displacement results in a smaller 
initial radial displacement y. at the entrance plane: in 
eq 8, ln( ~o/~,y~indrr )/ln(Ywll-e/Ycylinder) + 1 as y. + ‘wile 
(i.e., as the ion initial radial displacement approaches 
the central wire). Stated another way, if the ion source 
is moved closer to the EIG, then the same number of 
ions can be collected by an EIG of smaller outer cylin- 
der radius ycvlinder. Figure 4 also confirms that a higher 
cylinder-wire potential difference increases the proba- 
bility of a stable orbit inside the guide. 
Figure 5 shows how the maximum initial kinetic 
energy for which ions of m/z 1000 still may be cap- 
tured by the EIG depends on initial polar (“elevation”) 
entry angle 6’ for fixed initial axial and radial displace- 
ments, again for each of three values of EIG potential 
difference. For example, for an EIG potential difference 
of 10 V, an ion with an initial elevation angle of 20” 
and up to - 43-eV initial kinetic energy still will be 
captured by the guide and transported to the ICR 
Penning trap. The maximum kinetic energy decreases 
to - 18 eV at 30” and - 8 eV at 40”, in qualitative 
agreement with eq 7, which predicts that Eion should 
vary as (0m,,X)-2. 
Equation 7 also predicts how ion capture depends 
on the azimuthal entry angle cb (see Figure 1). In fact, 
it has been pointed out previously 1231 that for a given 
radial displacement (Y”) of an ion (point) source at the 
entrance (xy) plane of the EIG, the maximal allowed 
initial elevation angle 0 results from 4 = 7r/2. Alter- 
natively, for a given value of rg and 0, the maximum 
allowed kinetic energy for which an ion may still be 
captured in a stable orbit about the wire electrode 
increases with increasing 4 (up to + = 7r/2, i.e., the 
ion velocity component perpendicular to the z axis is 
also perpendicular to the direction of r,). Figure 6, 
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Table 1. Collection efficiency (i.e., solid angle of the acceptance cone divided by 47r) for each of 
four combinations of ion initial kinetic energy E,,,, and potential difference AV between the 
cylinder ( rcvl,ndl,r = 17 mm) and central wire ( rwlrp = 0.14 mm) of an electrostatic ion guide, for a 
circular disk ion source of 6-mm radius and for a point ion source displaced radially by 6 mm; 
both sources are located in the EIG entrance plane 
Wsk 
AV (V) 
Effpn, 
E,,, (eVt (r&k =6mm) (r. = 6 mm) 
5.0 1 .o 0.413 0.290 
10.0 2.5 0.331 0.232 
10.0 5.0 0.165 0.116 
50 5.0 0.083 0.058 
which is plotted for an ion that starts with Y” = 6 mm, 
% = 15”, and z0 = 6 mm, shows that ion initial kinetic 
energy is maximized for 130” I 4 I 230”. In addition, 
note that as the ion source is moved away from the 
guide entrance plane, the kinetic energy maximum is 
achieved at higher azimuthal angle. In fact, with the 
ion source displaced by - 15 mm (and other condi- 
tions as in Figure 61, the maximum kinetic energy (not 
shown) shifts to 4 = 180” (i.e., the ion velocity compo- 
nent perpendicular to z points radially inward). 
Comparison of the theoretical and observed maxi- 
mum ion kinetic energies illustrates the importance of 
locating the ion source close to the EIG entrance plane. 
For example, under the same conditions as Figure 6 
(r. = 6 mm, 6 = 15”, 4 = 0”, AV = 10 V, E,,,, = 20 
eV), eq 7 yields a maximum ion kinetic energy of 31.6 
eV. As seen in Figure 6, the maximum kinetic energy 
of an ion that starts 6 mm axially displaced from the 
vprobe=+5v 
Vcylinder = O v 
zO=6mm 
rg=l mm 
$= 15” 
Elevation Angle, c) (“) 
Figure 5. Maximum ion kinetic energy for EIG capture and ion 
transfer to an ICR Penning trap as a function of initial ion 
velocity elevation angle 0 for an ion of N/Z 1000 with initial 
axial and radial displacements of 1 and 6 mm. The initial ion 
azimuthal angle 4 is fixed at 15”. Higher ion kinetic energy or 
lower EIG potential difference results m decreased maximum 
acceptance angle, in qualitahve agreement with eq 7 (which 
applies to the z,, = 0 limit). 
entrance plane is - 21 eV, or - 33% less than that of 
an ion that starts at the EIG entrance plane (zO = 0). 
Fortunately, the EIG cylinder diameter can be rela- 
tively large (34 mm in our case), so that any of several 
types of ion sources can be located conveniently at its 
entrance in an optimal geometric configuration. 
Ion Loss through Collision with the Central Wire 
A second advantage of injecting ions with large 4 is 
the decrease in the number of ions that collide with the 
central wire electrode. Oakey and MacFarlane [23] 
have derived an expression for the minimum az- 
imuthal angle c#+,,,, that an ion injected from a point 
source with a given rc, and % will be lost by collision 
with the wire: 
80 
rg=6mm v-=+sv 
rg=6mm Vcylinder = O v 
Azimuthal Angle, I$ (“) 
Figure 6. Maximum ion kinetic energy for EIG capture and ion 
transfer to an ICR Penning trap versus initial velocity azimuthal 
angle 4 for an ion of N/Z 1000 that starts 6 mm off-axis and 6 
mm axially displaced from the EIG entrance plane. The ion initial 
velocity elevation angle H is fixed at 15”. 
The fraction of ions that hit the wire as a function ot 
ion initial radial displacement, FL,,,,,dc( v,,), is [23] 
~WllK,C( ro ) 
1 
X In 
! 
+ (Id r~,I,n~icr,‘r,,,,.))’ ’ 
(ln( F,,/v,~,,., ))’ ’ 
i; 
Combining eqs 8 and 11 yields the ratio 
F. colllcle,cdpturc(~,~) of the fraction of ions that are cap- 
tured’inside the EIG but collide with the central wire 
to the total fraction of ions captured, as a function of 
ion initial radial displacement [2X]: 
(11) 
(12) 
Based on the foregoing EIG dimensions, Table 2 lists 
values of $ ,,,,, dc LSl,,tL,,c( r,,), calculated from eq 12, for 
initial ion radial displacements ot 1 10 mm. Note that 
for a given set of ion initial conditions (e.g., AI/, E,,,,,, 
4, and H), the fraction of ions that are lost to collision 
with the wire decreases with increasing initial radial 
displacement; however, e\ren for relatively small initial 
ion radial displacement (e.g., I’,) r 2 mm), ion loss is 
only - 10%. Note that eqs l&12 apply for ions that 
begin at (or inside) the EIG entrance plane. Thus the 
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\*alues in Table 2 are estimates for ions that start out 
axially displaced from the entrance plane. Also, as 
discussed in succeeding text, the initial ion radial dis- 
placement also affects the ion final axial kinetic energy 
distribution at the ICR ion trap. The low number of 
ion -wire collisions coupled with a very large accep- 
tance angle makes the EIG well suited to capture and 
transport a significant fraction of ions initially formed 
at the source. 
ion Transport through a Magnetic Field Gradient to 
an ICR Penning Tray 
As an ion passing through the EIG begins to enter the 
strong magnetic field region of the mass spectrometer, 
the ion velocity parallel to the magnetic field becomes 
[X31 
1 
1 ; 2 
sin’ H (13) 
in which v. is the ion initial velocity, v(z) is the ion 
axial velocity at position z, B(O) is the (axial) magnetic 
induction at the ion source, B( z) is the magnetic in- 
duction at position z, and H is the ion initial elevation 
angle (see Figure 1) between vg and B(O). For ions to 
pass through the magnetic mirror, an ion must main- 
tain axial \,elocity greater than zero [i.e., v(z) > 0, so 
that the ion continues to move toward the ICR ion 
trap]. Kofel et al. [34] showed that in the absence of an 
electric field, ions will overcome the magnetic mirror 
effect pro\rided that 
1 B(O) 1’ ‘? ,_ _\ 
H < arcsm - 
L I B(z) 
(14) 
For values of H above this critical limit, the mirror 
force dominates and ions are reflected away from the 
trap [i.e., v( z) < 01. In the present experiments, B(O) at 
the source and B( 2) at the ICR ion trap are approxi- 
Table 2. The ratio Fi,>,,,,,,, ~,l,~t~,rk,( r,,) of the fraction of ions that is 
i~~pturt~d but ~xlllide with the EIG central wire to the total fraction 
ot wn\ captured, ‘~5 ‘1 function of initial ion radial displacement; 
I ,,) ,,,,, ( , ,,,, t ,,,,, (I.,,) is calculated from e+ 8 and 11, and applies to 
JJI ion p~Cnt wurw located at the EIG entrance plane 
r. (mm) ~.“llldP.~ aptm(~O) 
1 .o 0.18 
2.0 0 11 
3.0 0.084 
40 0.070 
50 0.060 
60 0.053 
70 0 048 
80 0 044 
90 0.040 
100 0.036 
mately 0.008 and 3 T, respectively, which require that 
6, < 3” for transmission of ions that leave the source in 
the absence of the EIG. Thus a major advantage of the 
EIG lies in its large acceptance cone; even ions with 
large initial elevation angle at the ion source (see 
Figure 5) are held close to the 2 axis and transported 
through the magnetic field gradient to the ICR cell. 
Ions formed at the source with initial conditions 
( E,ow rw 0, 4) have no rotational preference about the 
central wire because the magnetic field is negligible alt 
the source. Conversely, once ions have passed through 
the magnetic field gradient to reach a homogeneou< 
magnetic field, ions undergo c\ clotron rotation in only 
one sense according to the right-hand rule for the 
Lorentz magnetic force, F = LTV X B. Between the 
source and the homogeneous magnetic field region, 
ions that rotate inside the EIG in the same sense 
(“conrotatory”) as the final ion cyclotron motion at the 
EIG exit will be axially ‘fcc-clc~rnicvf (e.g., the mirror 
force Fz = ‘7~ R, is directed along the negative z axis) 
as they tralrerse the transition region between 
Lissajous-type motion (e.g., determined by the EIC 
potential difference) and cyclotron motion (e.g., detcr- 
mined strictlv by the magnetic field). Alternati\,cl\., 
ions that initially rotate inside the ElG in the opposite 
sense (“disrotatory”) as their final cvclotron motion 
will be axiallv clcc&rclfrl[f in the -. z direction m the 
region of high radial magnetic field. Kecause ion total 
kinetic energy must be conser\.ed, any change in ion 
axial kinetic energy ITill be retlected in a correspond- 
ing change in the final ion c! clotron and magnetron 
radii. 
Figure 7 shows the fin,11 ic)Il cyclotron dnd rr~g- 
netron radii p, and /J (estimated from SIMIOK 
trajectory plots) as a function of ion initial azimuthal 
angle 6 (with other initial conditions as in Figure 6). 
Ions that have 0’ I c/) I 180 ,lrc disrotatory with rt‘- 
spect to their final 1Cli motion. Moreo\.er, note that the 
maximum z acceleration and thus minimum cyclotron 
radius occurs at d, = WI’, Mfhich corresponds to the 
maximum initial angular momentum (see eq 7) m.ith 
which an ion may be injected. Con\,ersely, when an ion 
is injected with maximum conrotatorv angular mc,- 
mentum (d = 270”), the final magnetron radius rrachc~~ 
a minimum (see Figure 7). Overall, the cyclotron anti 
magnetron radii vary owr the ranges - 1-h ‘3rd 
- 0.5-5 mm, respecti\rely. The corresponding ion tin,>1 
axial kinetic energy, estimated b\r subtracting the ra 
dial kinetic energy (calculated f&n p, in Figure 7) 
from the total kinetic cntq\. (pro\.ided bl, SIhllOh), 
varied over the range - 9 25 ?V. 
In Figures 6 and 7, the Final distribution in ion axial 
kinetic energy corresponds to ions for which H = 15 
In fact, ion sources will produce ions that have a range> 
of H values. Thus one might expect an v\-cn M.ICICI- 
10 vprobe=+5v 
Vcylincler = O v 
V wire = -10 V 
zO=6mm 
rO=6mm p+ \ 
0 
0 50 100 150 200 250 300 350 
Azimuthal Angle, 9 (“) 
Figure 7. Final mn cyclotron and magnetron radii p+ and pm 
dtr a tunctlon ot ion initial \wlocity azimuthal angle 6. Ions begin 
wth axial and radial displacements of 6 mm and velocity elevd- 
tion angle H fixed at 15”. Ions with 0” I + 5 IHO” are “disrota- 
tOry,” \vhereas those wth 180” i 6 i 360” are “conrotatory” (see 
text 1. The smooth curxvs simply represent polynomial fits to the 
calculated \~alues. 
range of final axial kinetic energies for ions formed 
with a wide range of initial H and 4 values. Figure 8 
provides an estimate of the axial kinetic energy distri- 
bution for monoenergetic ions that have initial condi- 
tions as in Figure 6. For each elevation angle (0 + 20”, 
in 2” increments) the azimuthal angle was varied from 
0 --) 3611‘ 111 30” increments. The shaded region repre- 
sents an envelope that encompasses all of the data 
points. As expected, the acceleration-deceleration ef- 
fects of the radial magnetic field result in a large axial 
kinetic energy distribution of approximately 20 eV. 
TITLIS, Mhereas the FJG can transport a large fraction of 
ions that begin with their trajectories radially dis- 
placed from the 1 axis, subsequent mass analysis is 
ob\riously complicated by the wide range of final ion 
axial kinetic energies. For example, the highest trap- 
ping cfticiencp is expected for narrow axial kinetic 
energy distributions, especially for accumulated trap- 
ping [X5, .%I, in which ions are collected for periods of 
up to se\,eral seconds prior to excitation and detection. 
Fortunately, the axial kinetic energy distribution of 
ions that exit the EIG may be narrowed simply by 
decreasing the ion initial radial displacement. Figure 9 
displays results compiled as in Figure 8 for initial ion 
radial displacements of 2 (light shaded area) and 0 mm 
(dark shaded area). The axial kinetic energy distribu- 
tions drop to - 6 and - 3 eV for initial radial dis- 
placcmcnts of 2 and 0 mm, respectively. Clearly, ions 
that begin their trajectories closer to the central wire 
will be held closer to the z axis, thereby they en- 
counter a smaller radial magnetic field and hence less 
axial acceleration or deceleration. Furthermore, ions 
that exit the EIG close to the central z axis will have 
smaller cyclotron and magnetron radii, which facili- 
tates subsequent mass analysis. Experimentally, we 
943 M“\R10 IT \I J Am So<- Mas Sprctrom lYY5,6,936-946 
vprobe=+5v K.E.inaiel = 20 eV 
vcylirtder = O v rg=6mm 
V &=-lov rg=6mm 
ha\re realized enlunced ion tr~i~~~~ing cfficienq dnd 
reduced postinjection ion cvclotron and magnetron 
radii bv use of azimuthal quadrupolar excitation dur- i 
ing ion injection on our prototvpe EIC; svstem. Nr\-car- 
theless, ion sources do not produce monoenergetic 
ions, and therefore the expc~rimentall\~ observed axial 
kinetic energy distribution \vill repres;nt a con\-olution 
of the axial kinetic energy distrrbution inherent in the 
EIG (e.g., Figure 8 or 9) and the energ)’ distriblltion ot 
the ion source. Note that tor lc)nh with large initial 
radius Y,,, increasing the EIC; potential differencf 11’ 
also will reduce the axial kinc+ic distribution becaust> 
ions then will ext,cute Lissalou <lrbits closer to tht> 
wire electrode. 
vprobe=+5v K.E.ineiel = 20 eV 
Vcytinder = O v q,=lmm 
V tire=-lov 
t 
-6 eV 
1 
rg=2mm 
00 
0 5 10 15 20 
Elevation Angie, 13 (“) 
Liifiitations qf the Prcsmt Trajectory Calculations 
Although the present results are for ions of a single 
mass-to-charge ratio (RI/Z 1000) and a maximum mag- 
netic field of 3 T, we may nonetheless make several 
inferences for other experimental conditions. For exam- 
ple, in matrix-assisted laser desorption, ion kinetic 
energy is expected to scale linearly with mass because 
ion velocity is nearly mass independent (for ions of 
~1,‘: 2 1000) [37]. Based on an average ion velocity of 
7511 m/s [37], our simulations (not shown) indicate 
that ions up to WI/Z = 22,000 ( riJ = 2 mm, z. = 6 mm, 
H = W, d = 35”, Ei,,, = 3-65 eV) are transported to 
the cell for a wire-cylinder potential difference of 10 
V. Under these conditions, the maximum Lissajous 
orbital radius increased quadratically from 2.5 (m/z = 
1000) to 15 mm (W/Z = 22,000). As discussed in the 
preceding text, ions that have larger Lissajous radii 
will experience higher radial magnetic field and thus 
greater mirror effect. However, when the EIG potential 
difference was increased to 45 V, the transmitted mass- 
to-charge ratio range extended above 100,000 (other 
conditions as before, with E,,,,, extending to = 300 
eV), whereas the maximum Lissajous radius was re- 
duced to I 5 mm for UI/Z I 40,000 (again the Lis- 
s~~ljous radius increased quadratically to 15 mm for 
10,000 5 U~/Z < 100,000). Use of an FIG at higher 
magnetic field also will require larger wire and cylin- 
der voltages because the radial magnetic field will be 
greater than in the present simulations. Note that other 
options exist to minimize the Lissajous orbital radius 
(and thus the deleterious effects of the radial magnetic 
field): For example, a smaller diameter wire would 
allow for smaller ion orbital radius during transport 
through the EIG. The use of a cylinder electrode that 
tapers from a relati\rely large diameter at the source 
region to a smaller diameter prior to the magnetic 
fringe field is a second intriguing approach. In this 
cast collection efficiency should be maximized at the 
EIG entrance, whereas ions would be squeezed close to 
the central axis prior to entering the region of high 
radial magnetic field. 
The present analysis is predicated on assumed point 
or circular disk ion sources, each with uniform angular 
distribution. In fact, an actual ion source will have a 
nonuniform angular distribution; for example, a cos2 0 
distribution for SIMS sources [3%41]. Moreover, the 
discrete nature of SIMION for both electric potential 
md magnetic field values necessarily limits the preci- 
iion of the data. Finally, SIMION is limited to single-ion 
trajectories, so that ion-ion Coulomb forces and 
ion neutral collisions are neglected. The presently re- 
ported ElG collection efficiencies thus probably repre- 
\cnt upper limits in practice. 
nal ion source and through a magnetic field gradient 
into an ICR Penning trap, ions that have a wide range 
of initial kinetic energy and angular divergence. Three 
general aspects of EIG performance have been evalu- 
ated: 
lon Capturr 
The maximum kinetic energy for Ion capture by the 
EIG is achieved by placing the ion source close to the 
EIG entrance plane and close to the EIG central axis. In 
addition, ion collection efficiencv increases with in- 
creasing ratio of EIG potential difference to ion initial 
kinetic energy, AV/E,,,,, 
lon Transport 
Successful ion transport requires minimal ion interac- 
tion with the radial magnetic field. In this respect, 
small initial ion radial displacement and/or large Lb 
will focus ions closer to the central axis, thereby reduc- 
ing the magnetic mirror effect. However, ion collisions 
with the central wire electrode increase with decreas- 
ing rg. Fortunately, Table 2 shows that only about loci 
of ions collide with the central wire when the initial 
ion radial displacement is as small as - 2 mm. 
Independent of the efficiency of ion transport to the 
ICR Penning trap, efficient ion trapping requires that 
ions arrive with a narron range of axial kinetic ener- 
gies. The axial acceleratlonpdeceleration effects of the 
magnetic field gradient ma!’ be minimized by small 
initial ion radial displacement (i.e., placing the ion 
source near the magnet z axis). Specifically, our trajec- 
tory simulations predict that an EIG with a 
cylinder-wire potential difference as low as 10 V 
should transport a large fraction of ions that ha\,? 
initial kinetic energies in the -K~SO-e\~ range, based on 
readily achievable ion source placement of I’,, = 2 mm 
and z,, = 6 mm, and ion initial angular divergence 
0 I 20”. Thus, the electrostatic ion guide appears to 
represent an attractive alternative to multipole guides 
and electrostatic lens svstems. i 
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